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(57) ABSTRACT

Systems and methods for manipulating a virtual three-dimen-
sional (3D) object in a virtual 3D space are provided. A
representation of the 3D object is displayed on a display. A
non-hemispherical arcball having a surface is determined.
The non-hemispherical arcball is associated with the repre-
sentation of the 3D object. A pointing device is detected at a
first position and at a second position. The first position of the
pointing device is translated onto a first location on the sur-
face of the non-hemispherical arcball. The second position of
the pointing device is translated onto a second location on the
surface of the non-hemispherical arcball. A rotation of the
representation of the 3D object is displayed on the display, the
rotation based on a path of travel between the first location
and the second location along the surface of the non-hemi-
spherical arcball.

39 Claims, 6 Drawing Sheets
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1
SMOOTH MANIPULATION OF
THREE-DIMENSIONAL OBJECTS

BACKGROUND

1. Field

The present disclosure relates to the manipulation of vir-
tual three-dimensional (3D) objects, and, in one particular
example, to the manipulation of the orientation of virtual 3D
objects using a non-hemispherical arcball.

2. Related Art

Developing and animating 3D scenes requires the place-
ment and movement of virtual 3D objects. This typically
requires changing the orientation, position, and scale of the
objects in a virtual scene or in an object editing environment.
The orientation, position, and scale of objects are manipu-
lated through rotation, translation, and scaling techniques.

One way for a user to achieve these manipulations is to
directly enter numerical values corresponding to the desired
manipulation. For example, a user can change the orientation
of'an object in 3D space in a computer program by selecting
the object and indicating values for three rotation properties,
each of which control the rotation about an individual axis X,
Y, or Z. While directly entering numerical values for rotation
provides a precise method for manipulating the orientation of
a 3D object, it presents numerous challenges. For example,
the interface is not user-friendly for a user who is not inti-
mately familiar with the rotation settings.

Another way for a user to manipulate a virtual 3D object is
to use a pointing device. A change in the location of the
pointing device along a detection surface can be used to
change the orientation of the object in 3D space. When the
user selects two locations on the detection surface using the
pointing device, the computer program can rotate the 3D
object using the coordinates of the two locations. While using
a pointing device for manipulating a 3D object is much more
user friendly than directly entering numerical values, it is
challenging for users to manipulate the object with a high
degree of precision.

Existing systems fail to provide user-friendly manipulation
of virtual 3D objects that provide a high degree of precision.
Accordingly, a technique for smoothly manipulating 3D
objects in 3D space that is user-friendly, intuitive, and precise
is highly desirable.

SUMMARY

Processes for manipulating a virtual three-dimensional
(3D) object in a virtual 3D space are described. One example
process may include displaying a representation of the 3D
object on a display. A non-hemispherical arcball having a
surface is determined. The non-hemispherical arcball is asso-
ciated with the representation of the 3D object. A pointing
device is detected at a first position and at a second position.
The first position of the pointing device is translated onto a
first location on the surface of the non-hemispherical arcball.
The second position of the pointing device is translated onto
a second location on the surface of the non-hemispherical
archball. A rotation of the representation of the 3D object is
displayed on the display, the rotation based on a path of travel
between the first location and the second location along the
surface of the non-hemispherical arcball.

Systems and computer-readable storage media for manipu-
lating a virtual 3D object in a virtual 3D space are also
described.
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2
BRIEF DESCRIPTION OF THE FIGURES

The present application can be best understood by refer-
ence to the following description taken in conjunction with
the accompanying drawing figures, in which like parts may be
referred to by like numerals.

FIG. 1 illustrates a conventional hemispherical arcball.

FIG. 2 illustrates a comparison between a conventional
hemispherical arcball and a non-hemispherical arcball.

FIG. 3 illustrates an exemplary non-hemispherical arcball
in 3D.

FIG. 4 illustrates an exemplary process for rotating an
object using a non-hemispherical arcball.

FIG. 5 illustrates another exemplary process for rotating an
object using a non-hemispherical arcball.

FIG. 6 depicts an exemplary computing system that may be
used for manipulating 3D objects in a virtual 3D environment
according to various embodiments.

DETAILED DESCRIPTION

The following description is presented to enable a person
of'ordinary skill in the art to make and use the various embodi-
ments. Descriptions of specific devices, techniques, and
applications are provided only as examples. Various modifi-
cations to the examples described herein will be readily
apparent to those of ordinary skill in the art, and the general
principles defined herein may be applied to other examples
and applications without departing from the spirit and scope
of the present technology. Thus, the disclosed technology is
not intended to be limited to the examples described herein
and shown, but is to be accorded the scope consistent with the
claims.

Various embodiments are described below relating to pro-
cesses for manipulating a virtual three-dimensional (3D)
object in a virtual 3D space. One example process may
include displaying a representation of the 3D object on a
display. A non-hemispherical arcball having a surface is
determined. The non-hemispherical arcball is associated with
the representation of the 3D object. A pointing device is
detected at a first position and at a second position. The first
position of the pointing device is translated onto a first loca-
tion on the surface of the non-hemispherical arcball. The
second position of the pointing device is translated onto a
second location on the surface of the non-hemispherical
archball. A rotation of the representation of the 3D object is
displayed on the display, the rotation based on a path of travel
between the first location and the second location along the
surface of the non-hemispherical arcball.

FIG. 1 illustrates a conventional hemispherical arcball 104.
The conventional hemispherical arcball 104 is illustrated with
reference to a computer screen surface 102. The conventional
hemispherical arcball 104 provides an imprecise method for
rotating an object in 3D space. At ahigh level, the hemispheri-
cal arcball is implemented by creating a virtual sphere around
a virtual 3D object. The 3D object is typically displayed on
the screen. At any one time, the user has access to one-half of
the sphere—the hemispherical arcball 104. As a result of the
hemispherical shape of the arcball 104, the cross-section of
the arcball’s virtual intersection with the screen surface 102 is
a circle and the falloff of the hemispherical arcball 104 near
the virtual intersection with the screen surface 102 is nearly
vertical.

A user uses a mouse pointing cursorto select a point 106 on
the hemispherical arcball 104. The user then drags the cursor
to a different location on the hemispherical arcball 104, such
as point 110. As the user drags the point on the screen along
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the surface of the sphere, the object rotates to follow an
equivalent rotation of the sphere. This rotation may be calcu-
lated using vectors 108 and 112, which correspond to points
106 and 110 respectively.

While this technique provides an intuitive and user-
friendly experience, the user is afforded only a low level of
precision for rotating the object. The lack of precision is
particularly emphasized for rotations conducted near the edge
of the hemispherical arcball. As the pointing cursor reaches
the edge of the hemisphere, the degree of rotation in 3D space
of the object per incremental change in cursor position in
two-dimensional (2D) space rapidly increases. Thus at the
edge of the hemispherical arcball 104, a small change in the
movement of a cursor along the screen surface 102 cases a
large change in the rotation of the object associated with the
hemispherical arcball 104. This phenomenon is described in
greater detail below.

FIG. 2 illustrates a comparison between a conventional
hemispherical arcball and a non-hemispherical arcball. The
conventional hemispherical arcball 104 is illustrated in 2D for
ease of understanding as hemispherical arcball 204. A user
may be positioned such that the user is viewing the screen
surface 206 from a location 208. As the user drags a cursor
from point 210 to point 212 along the screen surface 206, an
object associated with the hemispherical arcball 204 is
rotated. This exemplary movement of the cursor along the
screen surface 206 begins at the edge of the hemispherical
archall 206 and ends 10 pixels inside the hemispherical
arcball 204. For clarity, the 10 pixel movement is measured
along the screen surface 206.

When this 10 pixel cursor movement along the screen
surface 206 is projected onto the hemispherical arcball 204, it
results in an angle of rotation 218 from the x-axis to vector
214 of 18 degrees in 2D. Thus, an object associated with the
hemispherical arcball 204 will be rotated 18 degrees as a
result ofthe 10 pixel cursor movement from point 210 to point
212. Note that a 10 pixel movement along the screen surface
206 that is not near the edge of the hemispherical arcball 204
would result in an angle of rotation that is significantly less
than 18 degrees. In particular, dragging the cursor near the
edge of the hemispherical arcball 204 rotates the associated
object much more rapidly than dragging the cursor near the
center of the hemispherical arcball 204. This rapid rotation at
the edge of the hemispherical arcball 204 inhibits the manipu-
lation of the object associated with the hemispherical arcball
204 from being smooth and prevents precise control of the
rotation of the associated object.

In contrast to the hemispherical arcball 204, FIG. 2 illus-
trates a non-hemispherical arcball 202 that provides added
precision. As the user drags the cursor from point 210 to point
212 along the same screen surface 206, an object associated
with the non-hemispherical arcball 202 is rotated signifi-
cantly less than the object associated with the hemispherical
arcball 204. In particular, for the non-hemispherical arcball
202, the cursor movement of 10 pixels from point 210 to point
212 on the screen surface 206 results in an angle of rotation
220 from the x-axis to vector 216 of only 5 degrees in 2D.

In this example, the 5 degrees of rotation is caused by the
same movement of 10 pixels of the cursor on the screen
surface 206 as described in relation to the hemispherical
arcball 204. Note that a 10 pixel movement along the screen
surface 206 that is not near the edge of the non-hemispherical
arcball 202 results in an angle of rotation that is similar to 5
degrees. Because the degrees of rotation along the edge and
the center of the non-hemispherical arcball 202 are more
consistent than the degrees of rotation along the edge and the
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center of the hemispherical arcball 204, the non-hemispheri-
cal arcball 202 provides more precision and a better user
experience.

FIG. 3 illustrates an exemplary non-hemispherical arcball
304 in 3D. The concepts described in relation to the non-
hemispherical arcball 202 in FIG. 2 can be extended into 3D
to allow rotation of'an object in 3D space, such as on X, Y, and
Z-axes. The arcball is illustrated with reference to a display
screen 302. Unlike a conventional hemisphere, the non-hemi-
spherical arcball uses a falloff technique that moderates the
degrees of rotation an object experiences as a user interacts
with the arcball.

Referring to FIG. 3, various shapes that have differing
falloffs can be used for the 3D non-hemispherical arcball in
order to achieve desirable results. A non-hemispherical
arcball has a base, which is two-dimensional. This base is
circular and has a center point. Unlike a hemisphere, the
radius of the 3D non-hemispherical arcball as measured from
the center point of the base to the surface of the non-hemi-
spherical arcball is not constant over the surface of the non-
hemispherical arcball.

In one exemplary implementation, a user uses a touch-
screen display device to manipulate a virtual 3D object in a
virtual 3D space. The representation of the object is displayed
on the screen. The user places the device into a “manipulation
mode,” by selecting a toggle that enables interpreting the
motion of a pointing device as a rotation of the object, rather
than a translation, resizing, or alternate manipulation.
Enabling the manipulation mode causes the system to deter-
mine the shape, size, and location of a non-hemispherical
arcball and to associate the arcball with the representation of
the object. The user places the pointing device, such as a
finger, on or near the object at one position on the screen and
drags the pointing device to another position on the screen.
The system detects these two positions (or the transition
between the two points) and translates the positions into two
locations on the surface of the non-hemispherical arcball.
These two locations on the surface of the arcball are then used
to determine the degrees of rotation that should be applied to
the object. The rotation to be applied to the object associated
with the non-hemispherical arcball may be in one, two, or
three dimensions. The display is updated to show the rotated
objectinaccordance with the input rotation using the pointing
device. The visual rotation of the object in response to the
input from the user may be in near real-time.

As an alternative to determining the shape, size, and loca-
tion of the non-hemispherical arcball as a result of enabling a
manipulation mode, the non-hemispherical arcball may be
determined in response to the user initially placing the point-
ing device on or near the object on the display screen. The
shape, size, and/or location characteristics of the non-hemi-
spherical arcball are selected based on the location of the
initial touch on a touch screen with respect to the object. For
example, the size and shape of the arcball is selected to fully
or partially encompass the object.

In one example, a non-hemispherical arcball that is asso-
ciated with an object does not fully encompass the object.
When a user selects a location on the object in order to rotate
the object, the non-hemispherical arcball grows to a size such
that the selected location is within the scope of the arcball.
This allows the user to manipulate the object even when the
arcball is not visually displayed on the display.

In the non-hemispherical arcball example illustrated in
FIG. 2, the 2D arcball is formulated using an equation of
y=cos((x"1.3)*(n/2)) for —1=x<1. This same equation can be
extended into three dimensions such that the non-hemispheri-
cal arcball is generated in 3D.
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A traditional hemispherical arcball is described by the
following equations:

distFromCircleCenter=sqrt(xxx+yxy)

z=sqrt(1.0-distFromCircleCenter)

where 7z may be conceptualized as extended orthogonally
from the display screen. Note that sqrt(1.0-x) is the function
for a circle of radius one. This results in a vector V(X, y, 7)
which may be plotted. Note that the hemispherical arcball has
a slope of virtually 90 degrees near the edge of the arcball.

One example of a non-hemispherical arcball is described
by the following equations:

distFromCircleCenter=sqrt(xxx+yxy)

z=cos(distFromCircleCenter'-*xm/2). This results in a vector
V(x,y, z) which is plotted. One of ordinary skill in the art will
appreciate that the distFromCircleCenter variable may be
raised to various power values. For example, a power value
may be selected from the range between 1.2 and 1.4.

One of ordinary skill in the art will also appreciate that
these are only one set of equations for a non-hemispherical
arcball and that other equations and variations may also be
implemented. In some examples, the non-hemispherical
arcball equations result in a slope of less than 90 degrees at the
edge of the arcball (e.g., at x=1). In other examples, a non-
hemispherical arcball has a slope between 70 degrees and 85
degrees at the edge of the arcball. In yet another example, a
non-hemispherical arcball has a slope between 45 degrees
and 70 degrees at the edge of the arcball. In yet another
example, the non-hemispherical arcball has a slope between
25 degrees and 45 degrees at the edge of the arcball. The
sharper the slope near the edge of the arcball, the more rapidly
an object associated with the arcball will rotate for a move-
ment near the edge of the arcball.

Additionally, two or more segments (e.g., splines) may be
used to create a falloft curve for a non-hemispherical arcball
that is not readily modeled with a single equation. These two
or more segments may be used to create a more tailored look
or feel for rotations using the non-hemispherical arcball.

FIG. 4 illustrates an exemplary process for rotating an
object using a non-hemispherical arcball. For example, the
process is implemented using electronics hardware or
instructions stored on a non-transitory computer-readable
storage medium that is readable by a computer processor. The
process is used for manipulating a virtual 3D object in a
virtual 3D space. At block 400, a representation of the 3D
object is displayed on a display. The 3D object is based on a
polygon mesh that is stored in computer memory. The poly-
gon mesh defines the shape of the object.

At block 402, a non-hemispherical arcball is determined.
The non-hemispherical arcball has a surface, which may be
substantially smooth. The non-hemispherical arcball may be
visibly displayed on the display. In other examples, the
arcball may be partially transparent or not visually displayed.
At block 404, the non-hemispherical arcball is associated
with the representation of the 3D object. By associating the
non-hemispherical arcball with the representation of the 3D
object, multiple 3D objects can be displayed on a single
computer screen, with each 3D object having its own associ-
ated arcball.

At block 406, a pointing device is detected at a first posi-
tion. For the example where a computer mouse is used, the
position of the pointing device may be detected and stored in
memory when the user clicks a button of the mouse. In
another example where a touch screen is used, the position of
the pointing device may be detected and stored in memory
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when the user touches the touch screen with their finger or a
pointer. At block 408, a second position of a pointing device
is detected and stored in memory. For example, the second
position may be detected and stored when the user performs
another click of the computer mouse or when the user drags
the computer mouse to a different position and releases the
button. In another example, the second position may be
detected when the user touches a second position on the touch
screen or if the user drags their finger or pointer to the second
position and releases the touch on the touch screen.

At block 410, the first position is translated onto a first
location on the surface of the non-hemispherical arcball. The
first location may be a 3D location having X, Y, and Z-axis
values. At block 412, the second position is translated onto a
second location on the surface of the non-hemispherical
arcball. The second location may also be a 3D location having
X.,Y, and Z-axis values. One of ordinary skill will appreciate
that a location in 3D space may also be stored using other
techniques.

At block 414, a rotation of the object is displayed and
recorded in computer memory. For example, the rotation may
be a fluid, animated rotation or may be a jump from the
original orientation of the object to the rotated orientation of
the object. The rotation of the object is based on the first
location and the second location. More specifically, the rota-
tion may be based on a path of travel between the first location
and the second location along the surface of the non-hemi-
spherical arcball. Thus, the shape of the hemispherical arcball
plays a role in the rotational movement of the object.

FIG. 5 illustrates another exemplary process for rotating an
object using a non-hemispherical arcball. The process is used
for manipulating a virtual 3D object in a virtual 3D space. At
block 500, a representation of the 3D object is displayed on a
display. For example, the 3D object may be based on a poly-
gon mesh that is stored in computer memory. The polygon
mesh defines the shape of the object.

At block 502, a non-hemispherical arcball is determined.
The non-hemispherical arcball has a surface, which may be
substantially smooth. The non-hemispherical arcball may be
visibly displayed on the display or may not be visibly dis-
played. The base of the non-hemispherical arcball has a cir-
cular circumference and a center point that is equidistant from
all points on the circumference of the base. The radius of the
non-hemispherical arcball varies as measured from the center
point of the base to the surface of the non-hemispherical
arcball. For example, the radius of the non-hemispherical
archall may be longer near the edge of the surface of the
non-hemispherical arcball than near the center of the surface
of the non-hemispherical arcball.

At block 504, the non-hemispherical arcball is associated
with the representation ofthe 3D object. The non-hemispheri-
cal arcball may be placed in 3D space at a placement location
determined in 3D space. The placement location may be
based on the center of the representation of the 3D object in
the 3D space. This way, the non-hemispherical arcball may be
positioned such that it is centered with the 3D object.

At block 506, a pointing device is detected at a first posi-
tion. For the example where a computer mouse is used, the
position of the pointing device may be detected and stored in
memory when the user clicks a button of the mouse. In
another example where a touch screen is used, the position of
the pointing device may be detected and stored in memory
when the user touches the touch screen with their finger or a
pointer. At block 508, a second position of a pointing device
is detected and stored in memory. For example, the second
position may be detected and stored when the user performs
another click of the computer mouse or when the user drags
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the computer mouse to a different position and releases the
button. In another example, the second position may be
detected when a user touches the second position on a touch
screen or if the user drags their finger or pointer to the second
position and releases the touch on the touch screen. The shape
and size of the non-hemispherical arcball may be based on the
first position, as described below. Thus, the non-hemispheri-
cal arcball may be resized or generated based on the first
position.

At block 510, the size of the non-hemispherical arcball is
determined. The size of the non-hemispherical arcball may be
based on the first position of the pointing device. For example,
the non-hemispherical arcball may be sized such that the base
of'the non-hemispherical arcball expands beyond a projection
of the representation of the 3D object in 2D space. The size
and/or shape of the non-hemispherical arcball may also be
selected such that it fully encapsulates the representation of
the 3D object.

At block 512, the first position is translated onto a first
location on the surface of the non-hemispherical arcball. The
first location may be a 3D location having X, Y, and Z-axis
values. At block 512, the second position is also translated
onto a second location on the surface of the non-hemispheri-
cal arcball. The second location may also be a 3D location
having X, Y, and Z-axis values. One of ordinary skill will
appreciate that a location in 3D space may also be stored
using other techniques.

At block 514, a first vector is determined. The first vector
extends from the center of the base of the non-hemispherical
arcball to the first location on the surface of the non-hemi-
spherical arcball. At block 516, a second vector is determined.
The second vector extends from the center of the base of the
non-hemispherical arcball to the second location on the sur-
face of the non-hemispherical arcball.

Atblock 518, afirst degree of rotation is calculated in a first
dimension. The first degree of rotation is calculated by deter-
mining a first angle between the first vector and the second
vector. At block 520, a second degree of rotation is calculated
in a second dimension. The second degree of rotation is
calculated by determining a second angle between the first
vector and the second vector. At block 522, a third degree of
rotation is calculated in a third dimension. The third degree of
rotation is calculated by determining a third angle between
the first vector and the second vector. For example, the first,
second, and third dimensions may be X, Y, and Z in 3D space.

At block 524, the rotation of the object is recorded in
computer memory. The rotation of the object may also be
displayed on the screen for the user to view. Rotating the
representation of the 3D object is based on one or more of the
first degree of rotation, the second degree of rotation, and the
third degree of rotation. The rotation value of the object may
be stored in association with the mesh data structure, which is
associated with the object.

In one example, the rotation may be a fluid, animated
rotation or may be a jump from the original orientation of the
object to the rotated orientation of the object. The rotation of
the object is based on the first location and the second loca-
tion. More specifically, the rotation may be based on a path of
travel between the first location and the second location along
the surface of the non-hemispherical arcball. Thus, the shape
of'the non-hemispherical arcball plays a role in the rotational
movement of the object.

In another example, the system repeatedly recomputes the
rotation of the object from a position detected on the screen
when a button of an input mouse pointer is pressed to various
locations as the input mouse pointer moves along the surface
of the display screen.
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In this example, the current 3D rotation of an object asso-
ciated with the non-hemispherical arcball is saved in memory.
The system detects a button press of the pointer. The position
of'the pointer at the time of the button press is translated onto
the surface of the non-hemispherical arcball. A 3D vector is
computed from the center of the base of the arcball to the
translated location on the surface of the arcball. This vector is
stored in memory as the original 3D vector. As the system
detects movement of the pointer, the system computes addi-
tional 3D vectors from the center of the base of the arcball to
locations on the surface of the arcball on which the mouse
pointer have been translated. For one or more of these addi-
tional 3D vectors, the system computes a 3D rotation based
on the original 3D vector and the additional 3D vector. The
object is displayed based on this rotation and the new 3D
rotation value of the object is stored in memory. This process
has the property of making the rotation very stable. For
example, if the user moves the pointer back to the initial
starting position on the screen display, the object will appear
as the object was prior to the rotation.

An exemplary computer source code is provided below,
which incorporates many of the techniques described. The
source code can further be modified to include additional
features or to vary the technique based on the descriptions
above.

void
ArcBallManipulatorPart::handleMove(const gmath:: Vec2d&
aMouseClickVertex,

const gmath::Vec2d&
aMouseCurrentVertex,

Qt::MouseButtons
/*aMouseButtons*/,

ManipulatorPartEvents&
aManipulatorPartEvent)

// Grow the ball to accommodate mouse clicks that start
outside the ball.

updateSphereRadius(aMouseClickVertex);

gmath::Vec3d translation = mXform.getTranslation( );

mEndVec = mousePosToVec(aMouseCurrentVertex, translation,
mlInvisibleBallRadius);

gmath::Mat4d worldToObj =
ManipulatorUtil::getRotationMatrix(mParentX form).transpose( );

// Convert the vectors from camera space back into world
space

gmath::Vec3d us(mStartVec); us.normalize( );

gmath::Vec3d ue(mEndVec); ue.normalize( );

gmath::Mat4d viewModelRot =
ManipulatorUtil::getInverseRotationMatrix(context( ).view( )—
>modelView( ));

gmath::Vec3d s = (us * viewModelRot) * worldToObj;
s.normalize( );

gmath::Vec3d e = (ue * viewModelRot) * worldToObj;
e.normalize( );

gmath::Mat4d rotation;

rotation.setToRotation(s, e);
aManipulatorPartEvent.refValues( ).setValue(sDeltaRotationMatrix,
rotation);

gmath::Vec3d
ArcBallManipulatorPart::mousePosToVec2d(const gmath::Vec2d
&aMousePos, const gmath::Vec2d &aSphereCenter, double
aSphereRadius) const

// Convert from screen space click location
// to location relative to unit circle (radius 1)
gmath::Vec2d pos = (aMousePos — aSphereCenter) /
aSphereRadius;
// For the rotate ring, always project the click pos to the
flat surface.
if (mRotateRingMode) {
double d2 = pos.x( )*pos.x( ) + pos.y( )*pos.y( );
double d = MAX(sqrt(d2), SMALLVALUE);



US 9,082,223 B2

9

-continued

return gmath::Vec3d(pos.x( )/d, pos.y( )/d, 0);

// Solve 2D circle equation to project
// from x position on ground plane up into circle
/X2 + yA2 =12
// Solve for y, which will actually be our z value
double x2 = pos.x( )*pos.x( ) + pos.y( )*pos.y( );
if (x2<=1.0){
#define COSINE__FALLOFF 1
#if COSINE__FALLOFF
#define FALLOFF__FUNC(d) cos(pow(d,1.3)*(PI/2))
double x = sqrt(x2);
double h = FALLOFF__ FUNC(x);
gmath::Vec3d v(pos.x( ), pos.y( ), h);
v.normalize( );

return v;
#else
double y = sqrt(1.0 — x2);
return gmath::Vec3d(pos.x( ), pos.y( ), ¥);
#endif
}else {
double x = sqrt(x2);
return gmath::Vec3d(pos.x( )/x, pos.y( )/x, 0);
¥
¥

FIG. 6 depicts an exemplary computing system 600 con-
figured to perform any one of the above-described processes.
In this context, computing system 600 may include, for
example, a processor, memory, storage, and input/output
devices (e.g., monitor, keyboard, touch screen, disk drive,
Internet connection, etc.). However, computing system 600
may include circuitry or other specialized hardware for car-
rying out some or all aspects of the processes. In some opera-
tional settings, computing system 600 may be configured as a
system that includes one or more units, each of which is
configured to carry out some aspects of the processes either in
software, hardware, or some combination thereof.

FIG. 6 depicts computing system 600 with a number of
components that may be used to perform the above-described
processes. The main system 602 includes a motherboard 604
having an input/output (“1/O”) section 606, one or more cen-
tral processing units (“CPU”) 608, and a memory section 610,
which may have a flash memory device 612 related to it. The
1/O section 606 is connected to a display 624, akeyboard 614,
adisk storage unit 616, and a media drive unit 618. The media
drive unit 618 can read/write a computer-readable medium
620, which can contain programs 622 and/or data. The 1/0
section 606 may also connect to cloud storage using, for
example, cellular data communications or wireless local area
network communications.

At least some values based on the results of the above-
described processes can be saved for subsequent use. Addi-
tionally, a non-transitory computer-readable medium can be
used to store (e.g., tangibly embody) one or more computer
programs for performing any one of the above-described
processes by means of a computer. The computer program
may be written, for example, in a general-purpose program-
ming language (e.g., Perl, C, C++, Java) or some specialized
application-specific language.

Various exemplary embodiments are described herein.
Reference is made to these examples in a non-limiting sense.
They are provided to illustrate more broadly applicable
aspects of the disclosed technology. Various changes may be
made and equivalents may be substituted without departing
from the true spirit and scope of the various embodiments. In
addition, many modifications may be made to adapt a par-
ticular situation, material, composition of matter, process,
process act(s) or step(s) to the objective(s), spirit or scope of
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the various embodiments. Further, as will be appreciated by
those with skill in the art, each of the individual variations
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the various
embodiments.

What is claimed is:

1. A computer-implemented method for manipulating a
virtual three-dimensional (3D) object in a virtual 3D space,
the method comprising:

displaying a representation of the 3D object on a display;

determining a non-hemispherical arcball having a surface;

associating the non-hemispherical arcball with the repre-
sentation of the 3D object;

detecting a pointing device at a first position and at a

second position;

translating the first position of the pointing device onto a

first location on the surface of the non-hemispherical
arcball;

translating the second position of the pointing device onto

a second location on the surface of the non-hemispheri-
cal arcball;

displaying a rotation of the representation of the 3D object

on the display, the rotation based on a path of travel
between the first location and the second location along
the surface of the non-hemispherical arcball; and

wherein the non-hemispherical arcball has a base with a

circular circumference, the base having a center, and the
non-hemispherical arcball has a radius that varies as
measured from the center of the base to the surface of the
non-hemispherical arcball.

2. The computer-implemented method of claim 1, further
comprising:

determining a first vector, the first vector extending from

the center of the base to the first location on the surface
of the non-hemispherical arcball;

determining a second vector, the second vector extending

from the center of the base to the second location on the
surface of the non-hemispherical arcball;
calculating a first degree of rotation in a first dimension, the
first degree of rotation calculated by determining a first
angle between the first vector and the second vector; and

wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of'the 3D object in the first dimension based on
the calculated first degree of rotation.

3. The computer-implemented method of claim 2, further
comprising:

calculating a second degree of rotation in a second dimen-

sion, the second degree of rotation calculated by deter-
mining a second angle between the first vector and the
second vector;

wherein displaying the rotation of the representation of the

3D object on the display comprises rotating the repre-
sentation of'the 3D object in the second dimension based
on the calculated second degree of rotation;

calculating a third degree of rotation in a third dimension,

the third degree of rotation calculated by determining a
third angle between the first vector and the second vec-
tor; and

wherein displaying the rotation of the representation of the

3D object on the display comprises rotating the repre-
sentation of the 3D object in the third dimension based
on the calculated third degree of rotation.

4. The computer-implemented method of claim 1, further
comprising:
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determining a placement location in the 3D space, the
placement location based on the center of the represen-
tation of the 3D object in the 3D space; and

placing the non-hemispherical arcball in the 3D space

based on the placement location.

5. The computer-implemented method of claim 1, further
comprising:

determining a size of the non-hemispherical arcball, the

size based on the first position of the pointing device;
and

wherein the base of the non-hemispherical arcball expands

beyond a projection of the representation of the 3D
object in 2D space.

6. The computer-implemented method of claim 1, further
comprising:

determining a size of the non-hemispherical arcball, the

size based on the first position of the pointing device;
and

wherein the non-hemispherical arcball fully encapsulates

the representation of the 3D object.

7. The computer-implemented method of claim 1, further
comprising:

storing a rotation value in computer memory, wherein the

rotation value is based on the first position and the sec-
ond position; and

associating the rotation value with a mesh data structure,

wherein displaying the rotation of the representation of
the 3D object on the display uses the mesh data structure
and the rotation value.

8. The computer-implemented method of claim 1, wherein
detecting the pointing device comprises detecting a user inter-
action with a touch-sensitive device.

9. The computer-implemented method of claim 1, wherein
determining the non-hemispherical arcball having the surface
comprises selecting a shape for the non-hemispherical arcball
based on the first position.

10. The computer-implemented method of claim 1,
wherein determining the non-hemispherical arcball having
the surface comprises determining a non-hemispherical
arcball with a slope of less than 90 degrees at the edge of the
non-hemispherical arcball.

11. The computer-implemented method of claim 10,
wherein determining the non-hemispherical arcball having
the surface comprises determining a non-hemispherical
arcball with a slope between 70 degrees and 85 degrees at the
edge of the non-hemispherical arcball.

12. The computer-implemented method of claim 1,
wherein determining the non-hemispherical arcball having
the surface comprises using an equation based on a cosine of
the product: (a) radius raised to a power value and (b) pi
divided by two.

13. The computer-implemented method of claim 12,
wherein the power value is between 1.2 and 1.4.

14. A non-transitory computer-readable storage medium
comprising computer-executable instructions for manipulat-
ing a virtual three-dimensional (3D) object in a virtual 3D
space, the computer-executable instructions comprising
instructions for:

displaying a representation of the 3D object on a display;

determining a non-hemispherical arcball having a surface;

associating the non-hemispherical arcball with the repre-
sentation of the 3D object;

detecting a pointing device at a first position and at a

second position;

translating the first position of the pointing device onto a

first location on the surface of the non-hemispherical
arcball;
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translating the second position of the pointing device onto
a second location on the surface of the non-hemispheri-
cal arcball;
displaying a rotation of the representation of the 3D object
on the display, the rotation based on a path of travel
between the first location and the second location along
the surface of the non-hemispherical arcball; and
wherein the non-hemispherical arcball has a base with a
circular circumference, the base having a center, and the
non-hemispherical arcball has a radius that varies as
measured from the center of the base to the surface of the
non-hemispherical arcball.
15. The non-transitory computer-readable storage medium
of claim 14, further comprising:
determining a first vector, the first vector extending from
the center of the base to the first location on the surface
of the non-hemispherical arcball;
determining a second vector, the second vector extending
from the center of the base to the second location on the
surface of the non-hemispherical arcball;
calculating a first degree of rotation in a first dimension, the
first degree of rotation calculated by determining a first
angle between the first vector and the second vector; and
wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of'the 3D object in the first dimension based on
the calculated first degree of rotation.
16. The non-transitory computer-readable storage medium
of claim 15, further comprising:
calculating a second degree of rotation in a second dimen-
sion, the second degree of rotation calculated by deter-
mining a second angle between the first vector and the
second vector;
wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of'the 3D object in the second dimension based
on the calculated second degree of rotation;
calculating a third degree of rotation in a third dimension,
the third degree of rotation calculated by determining a
third angle between the first vector and the second vec-
tor; and
wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of the 3D object in the third dimension based
on the calculated third degree of rotation.
17. The non-transitory computer-readable storage medium
of claim 14, further comprising:
determining a placement location in the 3D space, the
placement location based on the center of the represen-
tation of the 3D object in the 3D space; and
placing the non-hemispherical arcball in the 3D space
based on the placement location.
18. The non-transitory computer-readable storage medium
of claim 14, further comprising:
determining a size of the non-hemispherical arcball, the
size based on the first position of the pointing device;
and
wherein the base of the non-hemispherical arcball expands
beyond a projection of the representation of the 3D
object in 2D space.
19. The non-transitory computer-readable storage medium
of claim 14, further comprising:
determining a size of the non-hemispherical arcball, the
size based on the first position of the pointing device;
and
wherein the non-hemispherical arcball fully encapsulates
the representation of the 3D object.
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20. The non-transitory computer-readable storage medium
of claim 14, further comprising:

storing a rotation value in computer memory, wherein the

rotation value is based on the first position and the sec-
ond position; and

associating the rotation value with a mesh data structure,

wherein displaying the rotation of the representation of
the 3D object on the display uses the mesh data structure
and the rotation value.

21. The non-transitory computer-readable storage medium
of claim 14, wherein detecting the pointing device comprises
detecting a user interaction with a touch-sensitive device.

22. The non-transitory computer-readable storage medium
of claim 14, wherein determining the non-hemispherical
arcball having the surface comprises selecting a shape for the
non-hemispherical arcball based on the first position.

23. The non-transitory computer-readable storage medium
of claim 14, wherein determining the non-hemispherical
arcball having the surface comprises determining a non-
hemispherical arcball with a slope of less than 90 degrees at
the edge of the non-hemispherical arcball.

24. The non-transitory computer-readable storage medium
of claim 23, wherein determining the non-hemispherical
arcball having the surface comprises determining a non-
hemispherical arcball with a slope between 70 degrees and 85
degrees at the edge of the non-hemispherical arcball.

25. The non-transitory computer-readable storage medium
of claim 14, wherein determining the non-hemispherical
arcball having the surface comprises using an equation based
on a cosine of the product: (a) radius raised to a power value
and (b) pi divided by two.

26. The non-transitory computer-readable storage medium
of claim 25, wherein the power value is between 1.2 and 1.4.

27. An apparatus for manipulating a virtual three-dimen-
sional (3D) object in a virtual 3D space, the apparatus com-
prising:

a memory configured to store the 3D object; and

one or more computer processors configured to:

display a representation of the 3D object on a display;

determine a non-hemispherical arcball having a surface;

associate the non-hemispherical arcball with the repre-
sentation of the 3D object;

detect a pointing device at a first position and at a second
position;

translate the first position of the pointing device onto a
first location on the surface of the non-hemispherical
arcball;

translate the second position of the pointing device onto
a second location on the surface of the non-hemi-
spherical arcball;

display a rotation of the representation of the 3D object
on the display, the rotation based on a path of travel
between the first location and the second location
along the surface of the non-hemispherical arcball;
and

wherein the non-hemispherical arcball has a base with a
circular circumference, the base having a center, and
the non-hemispherical arcball has a radius that varies
as measured from the center of the base to the surface
of the non-hemispherical arcball.

28. The apparatus of claim 27, wherein the one or more
computer processors further configured to:

determine a first vector, the first vector extending from the

center of the base to the first location on the surface of the
non-hemispherical arcball;
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determine a second vector, the second vector extending
from the center of the base to the second location on the
surface of the non-hemispherical arcball;
calculate a first degree of rotation in a first dimension, the
first degree of rotation calculated by determining a first
angle between the first vector and the second vector; and

wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of'the 3D object in the first dimension based on
the calculated first degree of rotation.

29. The apparatus of claim 28, wherein the one or more
computer processors further configured to:

calculate a second degree of rotation in a second dimen-

sion, the second degree of rotation calculated by deter-
mining a second angle between the first vector and the
second vector;

wherein displaying the rotation of the representation of the

3D object on the display comprises rotating the repre-
sentation of'the 3D object in the second dimension based
on the calculated second degree of rotation;
calculate a third degree of rotation in a third dimension, the
third degree of rotation calculated by determining a third
angle between the first vector and the second vector; and

wherein displaying the rotation of the representation of the
3D object on the display comprises rotating the repre-
sentation of the 3D object in the third dimension based
on the calculated third degree of rotation.

30. The apparatus of claim 27, wherein the one or more
computer processors further configured to:

determine a placement location in the 3D space, the place-

ment location based on the center of the representation
of the 3D object in the 3D space; and

place the non-hemispherical arcball in the 3D space based

on the placement location.
31. The apparatus of claim 27, wherein the one or more
computer processors further configured to:
determine a size of the non-hemispherical arcball, the size
based on the first position of the pointing device; and

wherein the base of the non-hemispherical arcball expands
beyond a projection of the representation of the 3D
object in 2D space.

32. The apparatus of claim 27, wherein the one or more
computer processors further configured to:

determine a size of the non-hemispherical arcball, the size

based on the first position of the pointing device; and
wherein the non-hemispherical arcball fully encapsulates
the representation of the 3D object.

33. The apparatus of claim 27, wherein the one or more
computer processors further configured to:

store a rotation value in computer memory, wherein the

rotation value is based on the first position and the sec-
ond position; and

associate the rotation value with a mesh data structure,

wherein displaying the rotation of the representation of
the 3D object on the display uses the mesh data structure
and the rotation value.

34. The apparatus of claim 27, wherein detecting the point-
ing device comprises detecting a user interaction with a
touch-sensitive device.

35. The apparatus of claim 27, wherein determining the
non-hemispherical arcball having the surface comprises
selecting a shape for the non-hemispherical arcball based on
the first position.

36. The apparatus of claim 27, wherein determining the
non-hemispherical arcball having the surface comprises
determining a non-hemispherical arcball with a slope of less
than 90 degrees at the edge of the non-hemispherical arcball.
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37. The apparatus of claim 36, wherein determining the
non-hemispherical arcball having the surface comprises
determining a non-hemispherical arcball with a slope
between 70 degrees and 85 degrees at the edge of the non-
hemispherical arcball. 5

38. The apparatus of claim 27, wherein determining the
non-hemispherical arcball having the surface comprises
using an equation based on a cosine of the product: (a) radius
raised to a power value and (b) pi divided by two.

39. The apparatus of claim 38, wherein the power value is 10
between 1.2 and 1.4.
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